Abstract-Unlike metal as conventional Perfect Electric Conductor (PEC) for unidirectional beam reflector, the periodic structures are now attracting more attention form academia and industrial as High Impedance Surface (HIS) or Artificial Magnetic Conductor (AMC) reflector. Because quarter wavelength (λ/4) separation between antenna and PEC reflector is needed for unidirectional beam applications, it inevitably increases the profile and stringently limits the operation bandwidth of the antenna system. However, the utilization of AMC of periodic structures as reflector not only significantly reduces the antenna profile with phase enhancement, but it will also enhance its gain and directivity performance. In this paper, we use monopole antenna with center frequency at 2.45 GHz and design periodic structure operated in frequency range between 2.4 GHz and 2.483 GHz to investigate the applications of EBG structure on antenna. We will finally compare the simulated result and measured result to further predict the optimization of the antenna-EBG system design parameters.
INTRODUCTION
With the increasingly popular and wide-spreading of portable wireless communications devices in recent years. The mono-pole antenna discussed here is designed for applications of WLAN (802.11 b/g) and Bluetooth systems operating in 2.4 ∼ 2.484 GHz frequency range. On the other hand, the electromagnetic band-gap (EBG) structure [1] has gained the most attention in the microwave community. The most attractive characteristic of EBG material is the band-stop and slow-wave response from the periodic arrangement of structure or component. It thus results in high surface impedance and energy band-gap (stop-band or pass-band) due to impedance discontinuity between air and high-impedance surface.
Due to periodic dimension of EBG structure commonly being about half-wavelength of the stopband, the large size has limited the applications of EBG structure in low frequency range. In this paper, we introduce folded bends to lengthen the electric current path and thus increase equivalent inductance. We also utilize the longer edge-coupling effect to lengthen the magnetic current path and thus increase equivalent capacitance. Therefore, we are able to design compact EBG structure for low frequency applications using the above techniques.
Electric conductor is usually used as shielding or reflecting substrate to minimize radiation hazard or generate unidirectional antenna beam in portable wireless communication device [2, 3] . When low-profile antenna is placed close to electric conductor, the image current induced from conductor will degrade the performance of antenna system. It is therefore required the separation between low-profile antenna and electric conductor should be at least quarter-wavelength (λ/4) [4] . The induced surface current on electric conductor will also radiate while traveling toward edges and affect the field distribution captured by antenna. Opposite to the reflection coefficient −1 with 180 • phase shift from perfect electric conductor (PEC), the electromagnetic wave impinging upon AMC material will result in in-phase reflection coefficient +1. We thus utilized the EBG structure as antenna reflector and design the band-gap to match antenna's resonant frequency in this paper. The low-profile requirement and performance improvement of antenna is achieved by suppressing the surface wave from the application of EBG structure.
DESIGN OF EBG STRUCTURE
The completely constructed reflection phenomena from radiation would result from periodic structure with half-wavelength or its integral multiple as period dimension and further result in energy band-gap characteristics. The stop-band is usually determined by periodic separation λ EBG between metallic components. The stop-band and center frequency of EBG structure presented in this paper are 2.4 ∼ 2.483 GHz and 2.45 GHz respectively. When FR4 substrate (ε eff = 4.26 and thickness 0.8 mm) is used in this design, the resonant wavelength in dielectric and unit cell dimension λ EBG can be calculated from Equations (1) and (2) to be 76 mm and 38 mm respectively. While conventional EBG structure is capacitive itself between periodic metallic components, we introduced folding bend metallic components to reduce dimension of metallic patch L according to Equation (3) due to effective inductance of metallic component itself. The effect of increased equivalent inductance and capacitance is able to shift stop-band or energy band-gap to lower frequency. The original dimension L is reduced from half-wavelength (38 mm) to 11.2 mm as shown in Figure 1 . The EBG structure investigated in this paper is 3 × 3 Unit cells as shown in Figure 2 .
(1)
where c is the speed of light in free space, ε eff the equivalent dielectric constant, λ EBG the wavelength of metallic component periodic dimension, λ 0 the wavelength of light in free space, f r the resonant frequency, β the wave-number in free space, and η is the free space wave impedance. We first calculated the basic design parameters from the above equations, and then utilized the full-wave FDTD (Finite-Difference Time-Domain) electromagnetic simulation software for the optimal geometric structure design of periodic pattern. The resulted transmission characteristic is shown in Figure 3 , where the bandwidth of stop-band is 220 MHz (2.31 ∼ 2.53 GHz) to meet −20 dB attenuation specification.
SIMULATION AND MEASUREMENT COMPARISON OF MONOPOLE ANTENNA
The monopole antenna investigated is designed on FR4 substrate with equivalent dielectric constant ε eff = 4.26 and 0.8 mm thickness. The dimension of antenna is shown in Figure 4 when monopole antenna equals quarter-wavelength with center frequency f r = 2.45 GHz. Figure 5 shows the good characteristic agreement between Simulation and measurement results. Figure 6 shows maximum antenna gain 2.34 dBi occurring at center frequency 2.45 GHz and Figure 7 shows its efficiency equals 58%. The measured 3-dimensional radiation pattern of the monopole antenna is shown in Figure 8 .
ANALYSIS OF PEC AND EBG STRUCTURE EFFECT ON MONOPOLE ANTENNA PERFORMANCE
We first placed the EBG structure 0.12λ (h-air = 15 mm) beneath the monopole antenna to work as reflector. The physical arrangement of the monopole antenna with EBG structure as reflector is shown in Figure 9 . Figure 10 shows the arrangement of the monopole antenna with different structures as reflector, and Figure 11 shows the simulated results for PEC and EBG cases. It is usually required quarter-wavelength separation between antenna and PEC reflector to obtain best performance, however the image current induced by PEC would usually result in energy dissipa- tion, impedance mismatching, and performance degradation of antenna. It would also produce a lower resonant frequency due to capacitive coupling effect, and thus result in impedance matching degradation in operation frequency as shown in Figure 11 . Figure 12 shows the maximum antenna gain enhanced from 2.34 dBi to 3.28 dBi (almost 1 dB improvement) at center frequency 2.45 GHz with EBG structure implementation and Figure 13 shows the antenna efficiency be increased from 58% to 72% (14% improvement). The measured 3-dimensional radiation pattern of the monopole antenna and EBG combination is shown in Figure 14 .
CONCLUSION
In this paper we have successful reduced the size of EBG structure about 30% (periodicity reduced form 38 mm to 11.2 mm) to extend its application to lower frequency. We also implemented EBG structure as antenna reflector to obtain 50% separation reduction (from 30 mm to 15 mm) between antenna and reflector compared to PEC. In the meantime, the antenna gain has improved 1 dB (from 2.34 dBi to 3.28 dBi) and the efficiency increased 14% (from 58% to 72%) both measured at center frequency 2.45 GHz. Therefore not only low-profile construction is achieved, but antenna performance is also apparently improved from the simulation and measurement verification.
